Time-resolved X-ray crystallography and solution scattering have been successfully conducted on proteins on time-scales down to around 100 ps, set by the duration of the hard X-ray pulses emitted by synchrotron sources. The advent of hard X-ray free-electron lasers (FELs), which emit extremely intense, very brief, coherent X-ray pulses, opens the exciting possibility of time-resolved experiments with femtosecond time resolution on macromolecular structure, in both single crystals and solution. The X-ray pulses emitted by an FEL differ greatly in many properties from those emitted by a synchrotron, in ways that at first glance make time-resolved measurements of X-ray scattering with the required accuracy extremely challenging. This opens up several questions which I consider in this brief overview. Are there likely to be chemically and biologically interesting structural changes to be revealed on the femtosecond time-scale? How shall time-resolved experiments best be designed and conducted to exploit the properties of FELs and overcome challenges that they pose? To date, fast time-resolved reactions have been initiated by a brief laser pulse, which obviously requires that the system under study be light-sensitive. Although this is true for proteins of the visual system and for signalling photoreceptors, it is not naturally the case for most interesting biological systems. To generate more biological targets for time-resolved study, can this limitation be overcome by optogenetic, chemical or other means?
Introduction
All biological and chemical reactions involve motion of atoms and of their associated electrons. In large biological systems, reactions typically proceed via a series of intermediates whose lifetimes and the duration of the overall reaction span a wide time range, from femtosecond to second or even longer, characteristic of kinetic processes. Examples include catalytic turnover, or response to binding of a small molecule, absorption of a photon or a temperature jump. The set of intermediates comprises a chemical kinetic mechanism which may be relatively simple (e.g. the intermediates A, B, C, etc., are arranged in a sequential and effectively irreversible path, A ! B ! C ! . . .) or in a more complicated path with branches, parallel courses, reversible reactions and so forth. If a kinetic experiment explores the reaction of a statistically large number of molecules such as those in a crystal, the time course of the rise and fall of the population of each intermediate is expressible as a sum of simple exponentials ( plus functions appropriate to each bimolecular reaction, if present), provided a chemical kinetic mechanism exists. In what follows, we assume that such a mechanism does exist but this assumption can be tested experimentally; see §2.
Macromolecular crystallography, a chief component of structural biology, has been used successfully to determine the static structures of tens of thousands of molecules and molecular complexes at the atomic level. However, the transient, dynamic structures of the often short-lived intermediates have been much harder to examine, despite their critical relevance to mechanism at the atomic level. Several approaches to transient structure determination are possible [1] . The explicit approach of time-resolved crystallography requires the initiation of a reaction, rapidly and smoothly, in many of the molecules in a crystal, maintained at near-room temperature where the solvent in the crystal is liquid. Molecules then traverse each intermediate as they proceed independently along the reaction coordinate towards completion. As distinct structural changes occur in each intermediate, the space-average of the structural state of the molecules across the crystal varies with time. The space-average structural state is probed by X-ray pulses at suitable time delays after reaction initiation until the reaction is completed [2, 3] .
Reaction initiation varies from system to system and is experimentally the most challenging step. For light-dependent systems, initiation is readily achieved by a pump (laser pulse) followed after a controllable time delay by a probe (X-ray pulse): a pump-probe experiment. The time resolution is set by the convolution of the temporal profiles of the pump and probe pulses, and of the jitter in the time delay between these pulses. Thus, study of fast reactions and short-lived intermediates requires that the duration of both pulses be significantly less than that of the lifetime of the shortest-lived intermediate, and that the jitter be low. Whatever means of reaction initiation is employed, the desired, four-dimensional dataset contains accurate, integrated intensities of all reflections (hkl) in the unique volume of reciprocal space I(hkl), at all time points t between reaction initiation (t 0 ) and completion (t max ): I(hkl,t). Time-dependent X-ray structure amplitudes are directly obtained since they are proportional to the square root of I(hkl,t).
All crystallography depends on small differences in X-ray structure amplitudes. For example, in de novo phase determination, isomorphous replacement depends on such differences between the chemical structures of native crystals and heavy atom derivatives; and anomalous scattering depends on differences in structure amplitudes of, for example, a Se-met derivative of a native crystal as a function of X-ray energy. In time-resolved crystallography, the intensities and associated structure amplitudes of each reflection vary with time. Since it is often the case that only a small percentage ( perhaps only 10-20%) of the molecules in the crystal undergo reaction initiation and that few electrons within those molecules move far as the reaction proceeds, the differences in X-ray structure amplitudes between time t and time t 0 are small. This places a premium on the accuracy with which these small differences can be measured. Experimental approaches are required that enhance the signal-to-noise ratio in the time-dependent differences in structure amplitudes by increasing the signal (e.g. by enhancing the extent of reaction initiation) or by decreasing the noise (e.g. by identifying and minimizing systematic differences arising from crystal-to-crystal variation).
Time-resolved crystallography at synchrotron sources
The time resolution of laser pump-X-ray probe, timeresolved crystallography at synchrotron sources has developed over 20 years from millisecond [4] to nanosecond [5] and most recently, to 100 ps [6, 7] . In all cases, the polychromatic, 'pink' X-ray beam naturally emitted by bending magnet and undulator sources generates a Laue diffraction pattern when it falls on a stationary crystal. Accurate structure amplitudes are readily quantified from these Laue patterns. The key to accuracy is careful experimental and analytical design, which has developed over years of often painful experience. For example, measurements of Laue patterns at time t 0 ( pump laser off ) and time delay t n (laser on) are interleaved on the same crystal to eliminate crystal-tocrystal differences and closely spaced in wall clock time to minimize any effects from drift. Values of t n are uniformly spaced in log t throughout the reaction course to provide statistically efficient sampling in time of a process whose time course is initially unknown. The four-dimensional data space I(hkl,t) is scanned with time as the fast variable, in which all time delays are recorded on the same crystal at a single angular setting, rather than a few time delays on a single crystal over many angular settings. This greatly minimizes the noise in the critical time domain that arises from (often significant) crystal-to-crystal differences. Remaining differences affect almost entirely the inter-crystal scaling as the final dataset is assembled, but have little effect on signal in the time domain. Structure amplitudes are acquired with high multiplicity (redundancy) which yields more accurate mean values and estimates of their variance, and enables outliers to be identified and statistically sound weighting schemes to be applied during final scaling. Finally, the resultant, time-dependent, difference Fourier electron density maps make use of the known phases of the 'dark' structure at t 0 to provide a close approximation to r(t n ) 2 r(t 0 ), where r(t) is the electron density at time t. These maps can be subjected to density modification to take advantage of the fact that the difference density in real (crystallographic) space is often highly localized, e.g. around a chromophore, whereas both signal and noise are widely distributed across reciprocal (diffraction) space. As in all forms of density modification, the X-ray phases of the difference density may be refined as modification proceeds. Time-dependent difference electron density maps are indeed a 'movie': density varies continuously and smoothly with time, and it is legitimate to interpolate between experimental time points. When the eye -brain combination is presented with the maps in a time sequence, i.e. as the individual frames in a Hollywood-style movie, the brain 'sees' the maps as continuous motion of the underlying density and the atoms associated with it. However, this motion is an illusion; it does not arise from motion of the atoms. The time-dependent maps in fact arise from variation of the populations with time of time-independent, static structures, each structure associated with an intermediate in the chemical kinetic mechanism. At this stage of analysis, the number of intermediates, their structures, the rate coefficients with which they interconvert and the form of the chemical kinetic mechanism that they populate is completely unknown. Thus, the next phase of experimental and analytical design attacks the question of the number, structures, rates and mechanism.
Techniques of linear algebra such as singular value decomposition (SVD) can identify the minimum number of orthonormal components of (difference) electron density maps required to account for the data, to within a specified error level [8] . This minimum number constrains the number of structural states, i.e. reactant þ intermediates þ product that are present in the data. Components above that error level are deemed to be signal and those below, noise. Since the latter components can be set to zero and the maps reconstituted, SVD is used as a powerful noise filter. Proceeding from SVD analysis to the structures of each intermediate and the mechanism(s) which they comprise is the task of 'posterior analysis'. The right singular vectors from the SVD analysis may be jointly fitted by a sum of simple exponentials whose exponents constitute the relaxation times (supplemented if appropriate by functions appropriate to any bimolecular reactions present). Provided that the data lack significant systematic errors, failure to achieve a satisfactory fit is the most direct evidence that no chemical kinetic model exists that adequately represents the data. Interestingly, at very short time delays, there is the possibility that authentic, dynamic structural processes will be present in which structure changes continuously, in contrast to the kinetic processes linking discrete states visualized at longer time delays. Dynamic processes might be evident, for example, in stretched exponential behaviour of the time course of the right singular vectors rather than the simple exponential behaviour characteristic of chemical kinetics.
Armed with knowledge of the number of intermediates and the relaxation times, trial chemical kinetic mechanisms can then be itemized and the 'most preferred' mechanism (or a selection of mechanisms or ideally, all mechanisms) fitted to the time-dependent data. If the fit for a mechanism is satisfactory, this process finally yields a set of (difference) electron density maps, each of which is uniquely identified with an intermediate, a set of rate coefficients each associated with an elementary step in the mechanism, and the mechanism itself. Done! But are we truly done?
We now encounter a problem of interpretation of all kinetic experiments, by no means confined to time-resolved crystallography: a kinetic experiment can prove that a particular mechanism is not compatible with the data, but cannot prove that a particular mechanism uniquely fits the data [9] . Several mechanisms may each provide an equally good mathematical fit to the data. Choice among these mechanisms may be based on Occam's razor, i.e. on the experimenter's view of 'simplicity'. More scientifically, the choice may depend on non-crystallographic, background knowledge of spectroscopic results or the underlying chemistry, or of computational predictions of structural changes expected to accompany, for example, an electron transfer reaction or isomerization. This choice is illustrated (at least in part) by the structural interpretation of time-resolved crystallographic studies of the photocycle of the small 14 kDa, bacterial, blue light photoreceptor known as photoactive yellow protein (PYP) [10, 11] . Crystals of PYP are large, robust, resistant to damage by both the visible pump laser pulses and the probe X-ray pulses, diffract to very high resolution, and possess a fully reversible photocycle that is complete in approximately 1 s. Structure amplitudes from time-resolved Laue data can be readily obtained to 1.6 Å resolution. Two groups, originally in collaboration but then separately, examined the structural basis of the PYP photocycle by closely similar time-resolved experiments at 100 ps time resolution and analysed the data by similar crystallographic and SVD techniques. Crystallographic results were supplemented by density functional theory (DFT) calculations of the isomerization from trans to cis of the covalently attached, p-coumaric acid chromophore which is buried in the interior of the protein [6, 7] . The crystals were grown by the two groups from rather different solvents (high salt and lower salt). Notably, solvent conditions and crystal contacts may well affect the ground state structure and exact form of the photocycle [12] . The interpretations of the earliest stages of isomerization advanced by the two groups differ in detail. They agree that significant structural changes and strain in the chromophore are evident by approximately 100 ps, and that the chromophore may resemble an unexpected, 'half-isomerized' species roughly midway in structural terms between trans and cis. However, they differ in the nature of the strain, the relative significance attached to their time-resolved data and the DFT calculations, and in whether the initial intermediate decays in a linear fashion or bifurcates into two separate pathways (in wild-type) that later reunite [13, 14] . Leaving aside the unresolved question of solvent influence on the photocycle, the differences are very much of interpretation rather than of hard data, small in structural magnitude, and influenced by DFT calculations which carry their own uncertainties. My own view is that these state-of-the-art, time-resolved crystallographic experiments were well conducted and analysed and that no unambiguous interpretation is likely to emerge from kinetic experiments alone, for the reasons noted earlier. Resolution of any remaining, frankly minor, controversy must await time-resolved measurements of the even earlier stages of the photocycle at times less than 100 ps, and if at all possible at a crystallographic resolution less than 1.6 Å .
Although we have exclusively emphasized time-resolved crystallography here, there is a substantial time-resolved small-angle (SAXS) and wide-angle X-ray scattering (WAXS) signal from solutions of small molecules, PYP and haem proteins, on time-scales down to approximately 100 ps [15] [16] [17] [18] . Time-resolved SAXS/WAXS is a rapidly developing area that will nicely complement crystallographic studies. An excellent general review is provided by Ihee [19] .
Time-resolved crystallography at free-electron lasers
From the initial planning stages of free-electron lasers (FELs), it has been clear that their extremely short X-ray pulse length would in principle permit time-resolved pump-probe studies with femtosecond time resolution. The obvious question was: would there be anything interesting to study at time-scales between 100 ps and femtoseconds? The PYP example [6, 7] now makes it clear that the answer is emphatically 'yes'; significant structural changes associated with the early stages of isomerization have already occurred by 100 ps. However, the only proven means of ultrafast reaction initiation is by a laser pump pulse in the femtosecond range. Absorption of a photon excites the chromophore and raises its vibrational temperature by many hundreds of kelvins. Subsequent cooling by transfer of vibrational energy to the surrounding protein may require up to a few picoseconds. It is therefore possible that the earliest stages of a femtosecond time-resolved crystallographic experiment may be characterized by a large increase in B-factor (literally, the temperature factor), in which the chromophore atoms and their immediate surroundings become transiently disordered and the ability to locate them will be compromised. If in addition the atoms in individual molecules undergo a dynamic process, then this may not be coherent from molecule to molecule within the crystal and will give rise to a rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130568 further form of structural disorder. It is likely that tertiary structural changes-the 'protein quake' of Frauenfelder [20] -propagate through the protein at the velocity of sound, roughly 1.8 nm ps -1 . If so, the protein quake would encompass all of a small protein such as PYP in approximately 1 ps, and much larger proteins in a few picoseconds.
What chemical processes may be accessible? Isomerization of the chromophore in PYP or rhodopsins, and possibly in bacteriophytochromes, occurs on the femtosecond to 100 ps time-scale; and electron transfer in e.g. photosystem II or the reaction centre is rapid, as is photochemical rupture of the covalent bond between CO and the haem iron in haem proteins. These constitute the likely initial targets of timeresolved FEL studies. Other signalling photoreceptors such as light-oxygen-voltage (LOV) domains are likely to be less suited, since after prompt electronic excitation of their FMN chromophore, covalent bond formation between the FMN and a nearby cysteine is much slower, requiring microseconds [21] .
FEL sources such as the world's first hard X-ray FEL, the Linac Coherent Light Source (LCLS) at the Stanford Linear Accelerator Center [22] and the second such FEL at SACLA in Japan [23] are based on the self-amplified spontaneous emission (SASE) process. A general description of FELs and the SASE process is given by Margaritondo & Ribic [24] . The SASE process amplifies natural spatial and temporal noise present in a long, high-energy electron bunch. Interaction between the electromagnetic field associated with the X-rays and the electrons in the bunch produces longitudinal microbunching of the electrons as they traverse a very long undulator. The resultant X-ray pulse [20] contains approximately 10 12 photons in an 80 fs pulse (approx. 10 11 photons in a 10 fs pulse), offers extremely high peak brilliance roughly 10 orders of magnitude greater than that of a synchrotron X-ray pulse, has a total duration in the few to 100 fs range, spans an energy range in the tens of electronvolts at 8 keV, and possesses near-complete spatial coherence. The pulse profile in both the energy and time domains is extremely 'spiky', in which the X-rays at closely spaced energies (say, separated by less than 1 eV; [25] ) or time points (say, separated by approx. 2 fs) can span the full intensity range from minimum to maximum. Since the spikes are inherent in the amplification of noise by the SASE process, the spiky structure is present in all pulses but differs completely in the distribution of spikes from pulse to pulse. The median X-ray energy also jitters from pulse to pulse by tens of electronvolts, but this jitter appears to be specific to the LCLS and can be largely suppressed by seeding with X-rays of well-defined energy. The LCLS emits pulses at 120 Hz. These properties could hardly be more different from those of a synchrotron X-ray pulse. Synchrotrons (or more accurately, storage rings) emit extremely stable, much longer pulses of lower peak brilliance, over a wide energy range from which either polychromatic X-rays can be extracted directly, or monochromatic X-rays obtained by inserting a narrow bandpass monochromator. Each pulse has closely similar flux, peak brilliance, temporal shape and energy distribution. The total flux per pulse at the LCLS is one to two orders of magnitude greater than that from a synchrotron such as the Advanced Photon Source (APS; e.g. approx. 4 Â 10 10 photons from the first harmonic of the two collinear undulators at BioCARS when the APS is operated in hybrid mode) and the LCLS (10 11 -10 12 photons depending on the pulse length), but at the APS this flux extends over a much wider energy range (approx. 4 keV at 12 keV) within a much longer pulse approximately 100 ps but at a much higher frequency (6.5 MHz in 24 bunch mode). How do these differences in source properties play into a time-resolved crystallographic experiment? The outlines of the challenges that must be overcome and opportunities presented are clear [26] . The essence of any accurate timeresolved measurement is repeated measurement in time, ideally on the same object, but if that is not possible on a train of identical objects in which each measurement is made under identical experimental conditions. This is readily achieved using a highly stable synchrotron source, but not yet at a hard X-ray FEL source. The peak brilliance of the FEL pulses is sufficiently high that all atoms become fully ionized by the pulse and structure is completely destroyed. It is a critical and fundamental experimental result that destruction does not occur instantaneously. For a brief time window of up to several tens of femtoseconds, electrons remain close enough to their initial positions that their elastic X-ray scattering can ultimately yield an accurate structure. Thus, the principle of 'diffraction before destruction' is valid, confirming a remarkable prediction made some years previously [27] . However, each diffraction pattern is of necessity obtained on a different sample. In the context of a static crystallographic experiment, this has led to the development of serial femtosecond crystallography (SFX) [28] , in which a tiny liquid jet containing nanocrystals is sprayed across the tightly focused FEL X-ray beam. In an ideal world, each nanovolume illuminated by the X-ray pulse within the jet would contain a minimum of liquid to reduce scattering background, and one (but only one) well-ordered nanocrystal in a random orientation, which would generate a readily quantifiable, highresolution diffraction pattern. In practice, a relatively small fraction of illuminated nanovolumes contain only one nanocrystal; many are empty and the fraction of 'hits' is low. Only a fraction of the diffraction patterns from hits can be indexed and of these, only a subset extends to high resolution.
Most importantly for accurate quantification, each pattern is a monochromatic still. The X-rays emitted by the LCLS are quasi-monochromatic with a bandpass dE/E approximately 5 Â 10 23 and each nanocrystal is effectively stationary during the very brief X-ray pulse. Thus, each diffraction spot is a 'partial'; the integrated intensity essential for extraction of accurate structure amplitudes and all subsequent crystallographic calculations is not obtained directly. In conventional synchrotron crystallography, integrated intensities are obtained either by rotation of the crystal during exposure to a monochromatic X-ray beam (integration over angle, yielding a monochromatic rotation image), or by illuminating a stationary crystal with a polychromatic X-ray beam (integration over X-ray energy, yielding a Laue image). Both approaches ensure that all parts of the crystal, irrespective of any crystalline disorder, contribute fully to each spot in the entire diffraction pattern. That is, no diffraction spot is 'partial'. The difficulty is that the X-ray FEL pulse is not sufficiently polychromatic to yield integrated intensities in the Laue-like image that it generates, even though the crystal is stationary. How polychromatic would an X-ray beam need to be to yield integrated intensities? Roughly speaking, we require dE/E . dF cot b, where E is the X-ray energy, dF is the angular disorder of the crystal and b is the Bragg angle. dE substantially exceed those presently available at the LCLS, and suggest that crystals with an angular disorder 10 times lower with dF 10 23 may be required. Indeed, the argument has been made that the nanocrystals which give good diffraction patterns from an FEL beam are better-ordered than larger crystals. More experiments are needed to assess the validity and generality of this argument. Note also that spots recorded at the lowest Bragg angle are the most 'partial' and least representative of the integrated intensity. Fortunately, it turns out that if the partial intensity of all diffraction spots (hkl) is recorded tens or even hundreds of times, each from a highly spiky X-ray FEL pulse where the spikes contribute differently to each 'partial' spot, the summation of these partials converges to a quantity proportional to the square of the desired structure amplitude. This process is known as Monte Carlo integration [29] . It must be acknowledged that Monte Carlo integration is both a brute force approach and wildly inefficient. In essence, a highly inaccurate, non-reproducible measurement is repeated a large number of times using a large number of nanocrystals, but is sufficient to give a close enough approximation to a single accurate measurement. SFX works! It remains to be seen whether FEL pulses can be made more polychromatic and less spiky, i.e. more stable. It may be possible to achieve more polychromatic pulses but as noted above, the spiky nature is intrinsic to the SASE process. Alternatively, some other approach to recording integrated intensities can be developed, such as focusing quasimonochromatic FEL pulses to ensure that the convergence angle of the beam at the crystal exceeds the angular disorder.
Static SFX has been identified as the first 'killer app' of hard X-ray FELs [28, 29] . How shall it be adapted to timeresolved experiments? There are two promising approaches. In the first, the static SFX experiment on nanocrystals is augmented by a pump laser pulse arranged to occur immediately in advance of the probe FEL pulse, with a controllable time delay between them. Dark ( pump laser off ) and light ( pump laser on) patterns can be interleaved, as in synchrotron experiments. As each pattern is obtained from a different nanocrystal, the effects of crystal-to-crystal variation are unavoidable and interleaving is less important than in the synchrotron case. Owing to their much lower optical absorbance, it is anticipated that it will be easier to initiate reactions within a nanocrystal than in the larger microcrystals characteristic of synchrotron experiments. A heroic, initial, time-resolved SFX experiment at LCLS on single nanocrystals of the complex of photosystem I with ferredoxin did reveal some differences in structure amplitudes between the light and dark states at time delays of 5 -10 ms [30] , but did not yield structure amplitudes that were either sufficiently accurate or sufficiently numerous to enable calculation of difference electron density maps. In the second approach, a much larger microvolume corresponding to a microcrystal is illuminated with an FEL beam that has been heavily attenuated. Attenuation is sufficient to ensure that several (say, 25) good diffraction patterns can be obtained from that volume before X-ray and laser radiation damage eventually become too severe and the crystal must be replaced. This is promising. However, each diffraction spot is once again 'partial', but the observations are insufficient in number to permit successful Monte Carlo averaging. Integrated intensities may nevertheless be obtainable from these 'partials' if a disorder model for each microvolume of that crystal can be developed. That model would be based on the exact location and shape of each diffraction spot, and on the fact that a near-monochromatic, near-parallel X-ray beam yields a topograph of the crystal that carries information on its disorder. With such a model in hand the extent of partiality of each spot could be calculated, thus enabling every measured, partial intensity to be corrected to the desired, integrated intensity. Easy to state but hard to do! To date, neither of these two promising approaches has been successful, but it is safe to predict that one or other should begin to work, soon.
Again, time-resolved SAXS/WAXS studies on the femtosecond time-scale are entirely feasible and indeed, may be much easier to execute than crystallographic studies.
Generation of targets for time-resolved crystallography at free-electron lasers
In time-resolved, pump-probe crystallography at an FEL with the goal of femtosecond time resolution, a femtosecond laser must be used as the pump and the jitter between the laser pump and probe X-ray pulses must either itself be in the femtosecond range, or directly measured for each X-ray pulse to afford a 'time delay stamp' for each individual diffraction pattern. Furthermore, femtosecond photochemistry on nanocrystals must be conducted prior to the FEL experiments to establish the appropriate conditions for maximum extent of photoinitiation. Essentially all ultrafast photochemical experiments to date have been conducted in solution using spectroscopic probes rather than in crystals. This experimental area is central to successful, femtosecond time-resolved crystallography and wide open to experimental investigation. Not many biological processes are naturally lightsensitive, to permit a reaction to be initiated within them by a pump laser pulse. Can any general, light-inert reaction be made light-sensitive? The absence of generality has been identified-by such awkward critics as the reviewers of my grant applications-as a serious limitation of light-initiated crystallography. One promising approach is known as optogenetics, in which a light-sensitive, sensor or input domain is fused by molecular biological techniques to the N-terminus of the desired effector or output domain [31, 32] . One example is offered by a histidine kinase, an enzyme whose phosphotransfer catalytic reaction is normally completely light-inert. Phosphotransfer activity can be made light-sensitive by fusing a small LOV sensor domain to the N-terminal helical domain of the histidine kinase [33] , thereby converting it into a light-sensitive phosphatase. The critical linker that transmits the structural signal between the sensor and effector domains was predicted to form an a-helical coiled coil, where the angular relationship between the two strands was affected by light. This prediction of a coiled coil has recently been confirmed by determination of the crystal structure of the LOV -histidine kinase fusion protein [34] , but the details of the mechanism of signal generation, propagation and modulation of histidine kinase activity remain to be explored. Will such a fusion molecule be suitable for timeresolved study by crystallography or SAXS/WAXS? Two problems can be envisaged. First, the signal may enforce a structural change that is too large to be readily accommodated within the crystal lattice. Either the crystals will break up, or the structural changes will be significantly modified. Second, the process of signal generation does not occur instantaneously but takes time. In the case of LOV domains, as rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 369: 20130568 noted earlier, it requires microseconds to complete formation of the covalent bond between FMN and the surrounding protein [21] , and thus to generate the signal. This is too long to enable picosecond to femtosecond time-resolved studies (but would be suitable for studies on the 10 ms to second scale). Can lightdependent sensor domains be discovered or devised that would generate a signal on the femtosecond to picosecond time-scale, to generate more FEL targets? These sensors would almost certainly be based on prompt isomerization or electron transfer-an interesting research project! Finally, an even more far-reaching research project could seek a means of reaction initiation other than light that is general (applicable to many and if possible, all macromolecules, in the crystal or in solution) and rapid. In principle, reaction initiation could be based on any general factor that affects macromolecular structure such as temperature, pressure, electric field, etc., or your favourite extensive variable.
